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ASYTMMATRIC FORCES ON A FUSELAGE

-

By Hertort S. Ribner and Robert MaclLachlian
SUMMARY

An soproxinate theory of the effect of slinstrean rotahicn on
the forces on a fuegelage vithout a wing reorsesesnts, tiie slipstrsen
rotation by the flow gbout a vortex alined with the lorgiivdinel axis.
1nl3 configuration gives rise to a lateral force snd Fawizg mozaat in
zitch or a normal forecs and pltcaing momeat in yaw. The foces are
proortional. to angle of inclinatlon and to slipstream rotaetion as
msasured by the ratio of propelisr torqus to the squars of thne dlemeter.

A wind-tunnel Investigation was made primarlly to check ths
nrodlctions for the lateral force cn & fuselage shaped as a body of
revolution. The modeal was teosted alone and 1n comdbiration with each
of 6 four-blade propellsrs of different diareter and blads eagle.
The measuremsnis were made in pitch, and a lateral force was found
with a megnitude of the order of tas theoretical valus.

For coriplsteness, measurements were also made of tne incremental
ritching moment, yewlng moment, normal force, rolling moment, and
thrust due to propsller operation. "hese measurenonis vere sowswhatb
anibiguous in that they renresented the coxbined sffects of fuselage
interfsrence and direct propsller forces; thersfore, they were not
analyzed. This aibhiguity 1s not Pregent In the messureumsnt of lateral
force, aince a propé@'g in pitch is known to experlence no apprecleble
lateral force.s Rt .
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A strong tendency to-¥ ""%owam' the left under conditions of
high tarust and iy speed* iR eng of e difficulties experienced
with aingle -en gt rplanes “squihped with o single-rotatiag
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force are still obtalned when the vertical and horizontal tails are
removed. A part of the yawing mouent ie developed by the propsller
because of its inclinstion in pitch (references 2 and 3j. The
larger part may be attributed to the slipsiream-interference forces
on the wing and fuselage-

Sroculaticn on the origin of the interfsrence forces oa the wing
and fusslage led to an 1ldealizsd picture with the slipstrsam rotaticn
ropresented by the flow about a vortex. If this vcrtex fa bownd in the
fuselege and alined with the longitudinel exis the body contour will
e a stream eurface of the flow. Even in the absence of a wing and
tall this representation leads to a yawing momsent and a lateral
force., both proportional to the angle of pitch and to the slipstream
rotation.

A ywind-tunnel investigation wes made in the Lengley stability
tuanel vrimarily to check the predictions for the laiteral force on a
Thaslege alons. Most of the measuremsnts were wmeds at low thirust
coelficlent for reasons of practicability, since the essential features
of slipatream-fuselage interference may be chserved without carrying
the tests to the high values of thrust coofficient at which the effects
are prominent on actual airplanss. The thsory is first pressnted in
scme detail, end then the experiments are described and the measure-
ments of lateral force are compared with the prelilctions.

SYMROLS

The force and moment coefficients are based on the volume of the
fuselage. The forces and nmoments are rsferred to a system of rectangular
body axes with origin at the onse-querter-length point of the fuselage.
The X-axils lies along the longltudinal axis of the fusslage and io
dirocted forward, the Y-exis i1s directed to the right, and the Z-exie
is direcctod downward. The positive gense of a forcs egrees with the
positive sense of the force axis and the posltlive gense of a moment
f'ollows that of e right-hand screw progressing in the pcsitive dirsction
of the moment axis.

b diameter of propeller
R radius of propeller
X station radius

b section chord
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nurber of blades

gection bleds angle

blade argle at 0.75R of basic 25-inch propeller
length of fuselage

volumse of fuselage

propeller torgue

rass density of air

gtream veloclty

2]
dynemic pressure %pU“)
\
. 7

hY

/ / Sn N
-1+ L+ %Tc}
propeller inflcow factor ( —

\ 2 /
circulation

angle of attack

angle of downwash

longitudinal force

lateral force

normal force (positive downward)

yaving moment

X
longitudinal -force coefficient\ "—“‘73
\ av
K4
latweral ~-force coefficient

: ¥
yawing-mament coefficient <-5V~>
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Z
c normel -force coefficlent| ——373
7 © < 273
\
] .
Cm pitching -moment coeffilclient (ili?sﬂias;QEEEEE;)
a
/ro11 nent
CZ rolling-moment coefficient Rolling moment
qV
Tc' ef fective thrust coefficient
/%N X )
( 2/3 2
. Qv - qv /3/
\\ propeller on propeller off
/
/'\72/3
TC thrust coefficient based on propeller diameter Ve Te
\, 2D
Q' torque coefficient (jlg—j>
[+ q_V
<4

S.F.7, slde ~force factor
THEORY

Under average conditions ths rotetion in a slipstream does not
differ mech from the rotation about & line vortex; that is, the
votaticnal veloslty is relatively large near ths center and decreases
toward the outside. Exact equivalence occurs when the circuletion
is constant along the propeller blades, a condition of almost uniform
distribution of thrust over the disk area for lightly loaded propellers.
Then no vorticity will be shed along the hlades, and all the vortlcity
will appeer in a ceniral vortex of strength ' and B tip vorbices of
gtrength I' /B each, and of opposite sense where B 1s the number
of blades.

A blade element of length dr at radius r will expsrience
e componont of force in the plane of the propeller of amount

pU(L + a}%é dr, where U(l + &) is the axial velocity at the propeller
disk. The total propeller torgue is therefore
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fD/2
' . r
Q = [ B oJ(1 + a)?g-r dr

The inflow factor a 1s almost ccnstant over ths propeller disk for
the assumed loading. The expression is thus aprroximately

TN
N U(l + al'D
Q=p( x (1)
8
This oxpression relates the strengih of the central vortax ' to the

propeller torgue Q end dlameter D.

If tho propeiler werc not mounted on a hody the vortex wonld
trail frcely down the cantor of the slipstream Just ae the tip
vortices trall freely along a helix and constitute the slipstrean
houndary. The fuselage or nacelle (assamei to be a body of revolulion
for simplicity) mist, howsver, bo a sitrsam surface of tiae flow., The
determination of the [flouy imposzs a btoundary valus problam of an unusual
kind. The B propsller voriices of total circuwlaiion T' may be
assumed elther to enter the boly at the spinnsry or to be shed from
the blads roois ait the spinner. In either case this vorticlty must
sventually leave the body and trail with the geusral flow. The
vorticity cen leave the body at stagnation points only, and the free
smergsnt vorticlty must follow streamlines. The position of the
gtagnation voinis and the shape of these streamlines are not however
known in advance because they are, in general, influenced by the
vorticlty.

For the particular case in which the fuselage 1s alined with
the streoan directicn the problem possesses a simple solutlon. The
ceniral vortex I' may be comsidered to pass through the body along the
longlitudinal avis and to continus behind the body es & free vortex,
also along the exis. The vortex flow thus Pits the fuselsage smoothly
anl the position of the rear stagnation point and the straight shape
of *he staegnation streamline are uraffected by this flow.

£ the fuselage 1s inclined to the stream by a small angle, the
rear stegnation point, in the absence of vorticity, will still Be near
the recar ead. Now consider the cemtwral slipstream vortex I' +o be
bound along the longltudinal exls as before and to emergs as a fres
vortex at ihe stagnaticn point and to trail along the stagnation
streenline as in figure 1. The flow induced by the bound part of
the vortex is iIn concentric circles and so fits the fuselsge smoothly.
The flow induced by the fres part of the vortex does not quite fit
the fuselage smoothly. A emsll additlonal flow will therefore teke
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place -~ it can, in priuncliple, be calculated by potential theory -

in such a way that the conbined flow will f£it the fuselegs smoothly.
If the vortex etrength I' ({which is proportional to the slipstream
rotation) is small, it appears iha‘t the position of the rear
ghtagnation point will not be greatiy eltered by Wis coxbination

of vertex flow and vortex-induced additlonal fiow. Thus tho
rovregsntation in figure 1, the vortex-induced addittonal flow, and
the flow of the sources, sinks, and doublets that make. the body a
stroem guirface of the flow In fthe absence of a vortex, provide

an approximation to a possible flow about the inclinsd fuselage 1n the
rotating slipstrean. '

The souvrces and sinks will glve rise to no forces on the body.
The doublets will yield the well-known unsitable moment of a fusslage
in pitch. The vorbex-indncsd adiditional flow will be roncirculatory
and canhnot contribute to the Ho%ial force an the bedy. Tis flow
may influence the momenk, but tne influencs will bs asswned to be
somnll coparsd with that of the bownd vortex of figure 1. Thus the
forces on thne vortex syetem of filgure 1 ars all that remein. These
forces should be a finst approrimation Yo the additionsl forces imposed
on a fusclege hy slipstream rotatiom if ths described flow aciually
occurs. - The discusuion has sought to show that thils flow is poesible
but has not proved that 1t is the onily possible flow.

The influence of the propeller tip virtices cn +the flow sbout
the fuselags has thus far been ignorsd. These tip vorlices form &
helix of which the main effect is to induce the well-known slipstream
axlal inflow velocity. This inflow veloclty is accounted for by the
facwr a 1n the equations. A secondary effect, which disappears if
the number of propeller blades is infinite, 1s & small influence on
the rotation in thke slipstream. This secondary effect may be neglected
if the angle of atitack of the fuselage ia small so that the fuselage
nownere approaches the slipstream bovndary.

If the fuselage 1s et -an angls of attack ¢ the bcund vortex is
inclined by the angle o - ¢ to the local stream velocity, where €
is the downwash produced by the propeiler. (See fig. 1.) The fuselage
ghould therefore experisnce a lateral force

Y = -1 (1 + 2a) sin (o ~€) (2)

If the propeller hes the usual right-hand rotation (viewed from the
rear), I is positive and the lateral force is negative (toward the
left). The center of pressure is at the center of. .the Tugelage; there
should be, therefore, a yawing moment ebout the quarter-length point
of the fuselage of amount

N = *EUEIE..(l +2a) sin (g ~ €) (3)
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For right-hand rotetion this moment 1s positive.

Corresponding expressions result for a normal force and pitching
moment due to yaw. For right-hend rotation the normel force should
ho upward (negative) and the pitching moment negative.

The values of lateral force and yawlng momont given by
equations (2) and {3), respectively, ere a little too large. A smsll
opposing lateral force induced at ths reer end of the fuselasge by the
curved part of the trailing vortex has been neglected. Also, the
helical tip vortices are deflected downward somewhat by the flow about
thie fugslage. This deflection Induces a small further reduction in
lateral force. The sxact lateral force can be obtalned by a
consideration of the lateral momentum associeted with ths relative
displacement of the tralling central vortsx and the helix center
line far back in the wake.

The circulatiocn of an actual propeller blade will not he
constant as assumed in the slaple theory. The reiuction of blade
width near the shan¥s and ths doparture of tue shanks from airfolil
shaps will cause an apvreclable amovnt of right -hand vorticity to be
shed outside the fusslage. This part of the vorticity will treil with
the gensral flow. Some atismpis have been made to evaluate, by cruds
epproximations, the influence of this free-traeiling vorticity. The
results suggest that equaticns (2) and (3} still provide solutions
of the rigat order of megnitudse. A really quentitative solution
would present formidable difficulties.

A more plctorial Interpretetion may be made of the origin of
these forcss. The rotating slipstresm 1s consldered to be constrained
to follow the fuselage so that the axie of rotation is approxzimately
alin=sd with the lorgitudinal axis. If the fuselage is at an angle
or attack and the rotation in the slipstream has a right-hand sense,
the rotaticnal velocity has a downstream compconent to the left of the
fuselage and an upstream componsnt to the right of the fuselags. .

Tne resultant velocity 1s therefore greater on the left side of the
fuselage than on the right side. According to Bermoulli's principle
the pressure on the left side must be less than the pressure cn the
right side. The result is a lateral force to the lef't.

The addition of a wing to the fuselage would appear to have two
effects. First, the wing would remove a large part of the slipstream
rotation. Second, the downwash of the wing in pitch would considerably
roduce the effective inclination of the rear part of the fuselege.

The theory may therefore be extended to the case in which a wing is
present by appropristely reduvcing the stregth of the central slip-
stream vortex behind the center of pressure of the wing and by taking
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into account the downwash bshind the wing in computing the forces
cn the central slipstream vortex. Addition of the wing has thus
moved ths center of pressurs of the lateral force far forward.
The resultant yawing moment i1s toward the left for conventional
cases, whereas for the fusslage alone it is btoward the right.

In the teats to be described the downwesh angle ¢ 18 small
and may be taken, wilth suffinient accuracy, equal to the theoretical
Gommwagsh far behind the isolated propellsr. This dowvnwash is
assoclated with the propeller normal farce and can be determined by

d
the procedures of reference 3. The computed values of l--ai- at

zero tnrust for the six propellers that were tested are includesd in
table I. The values for zsro thrust sre comsidered representative
because most of the tests were run at low values of Tc. For the

same roason ths propeller inflow factor a mey be disregerded in
comparing tho tests with theory.

APPARATUS AND MOTEILS

The experimental investigation was conducted in the 6- by 6-foot
test scction of the Lengley stability tunmnsl. The model wes mounted
on a single strut extending from the rear of the fuselage to the
tunnel balances. The strut was constructed of hollow steel tubing
end served alsc to house all the motor leads. The errengement is shown
in flgure 2.

The meodel consisted of & fuselage of circular cross section
which was tested alone and in ccmbination with each of six different
propeilers. The fuselsge was maede of mshogany to the dimensions
glven in the table contained in figure 3. Figure 3 shows also the
fuselage-support Junction and the location of the propellsrs.

Six four-blede right-hand woodsn propellers were tosted.
(See fig. k.) The propellers wers formed from identical 26-inch
propellers by cubtting off the ends of four to provide dismeters
of 12 inches, 19 inches, and 26 inches. Three of the propellers had
bleds angles of 18.9° at 0.75 of & 13-inch radius, and tho remaining
thres had blads angles of 39.4° at the sams station. The blads-form
curves ror the two basic 26-inch propellers are given in figurs 5.
Side-force factors (reference 4) for the six rropellers, estimatoed
from these curves, are given in teble I. The values for the 26-inch
Propellers were obtained by the method of reference 3 and the values
for the cut propsllers were obtained from these values by tho
considerations of reference 4. The blade sections inboard of 5.2 inches
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from the center wereassumed to make no contribution to the side-force
factor.

The propellers wers driven by a three-phass induction motor for
which a torgus-calibration curve was avallable. The rotational speed
wag controlled by varying the frequency of the current input.

TESTS

The fuselage alone and in combinetion with each of six propellers
was teated through an angle-of-attack renge from -1° to 30°. The
angle of yaw was zero at all tlmes. The propeller torgue was hsld
constant during each run. The values of torque used in the tests
ranged from 1.6 to 8 foot-pounds in increments of 1.6 foot-pounds.

For the higher-pitch propellers of 26-, 19-,and 12-inch dlameter the
upper limits of torque were 3.2, 4-8, end 8 foot-pounds, respectively;
for the lower-pitch propellers of 26-, 19- and 12-inckL diameter, the
upper limits of torgue were 4.8, 6.4, and 8 foot-pounds, respectively.

All tests were made at a dynamic pressure of 19.9 pounds per
square foot, which corresponds to a velocity of about 91 miles per hour.
The Reynolds number based on the total length of the fuselagse was
about 3,000,000.

PRESENTATION OF DATA

The data have been corrscted for deflection of the modsl support
under load. In the absence of a suitable theory no corrections have
been applied for the effect of the tunnel-well constraint.

The variation with angle of attack of the force and moment coef-
ficients for the fuselage alone is presented in figure 6. These values
were subtracted from the corresponding velues for the propeller-fuselage
combinations and the net results are presented as increments in
Tigure 7. The coefficlents plotted in figure 7 therefore reprssent
tho forces and moments acting on an isolated propeller plus the
additional forces and moments on both propeller and fuselage due to
propeller-fuselege interference.
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TESULTS AND DISCUSSION

A lateral force and yawing mement due to slipstream rotation
in conjunction with pitch appear in the experimsntal resulte of
figure T, as predicted by theory. The prsdiction for lateral force
(equations (1) and (2)) mey be expressed in the coefficient form

i . = Consteut x o (4)

if the slipsitream Tactor & 18 neglecteld as being small. The values
t ihe theoretical constant for the six Drggellera are Iincluded in
O~ D=
table 1I. The experimentsl valuss of ~—-*Y 573
Qg
are plotted in Tigure & with the theoretical line {equation (4)) for
comparison. The agresment at small angles of attack varies from poor
to good. The average slops through zero for the 23 experimental cuxves
is about 15 percent less than the theoretical siope end the average
individusl scatter is +1l psrcent. (Individusl values arc given in
table IIL) The simple theory of propellier-fuselsge interforsrice thus
provides a falrly quantitative prediction of the lateral force Jue to
pltch or normal force dus to yaw.

for Q,' up to 0.38

The variation of lateral-force coefficlent GY with torque
cogfficient QC' is shown in figure 9 for fixed diemeter and angle

of attack. The variastion shows the theoretical linearity only up
to Q ' 0.38. The theory implies small values of ' , or corie-

spond*ng]y small values of Q '; therefors measurements at higher

values of torque ccefficient were not used in the preperation of
figure 8

Quantitative comparilson could not be made with the theorstical
value of the fusslags yawing moment beceuse the measuremsats inciuded
a propeller yewing moment (references 2 and 3) of uncertein magnitude.
The senss of tho combined moments at small angles of attack agrees
however, with the thecoretical prediction. Four other quantitiss -
pitching moment, normel force, rolling moment, and thrust - are included
for coampleteress in figure 7. These measurements, like the measure-
ments of yawlng moment,are somewhat ambiguous in that they represent
the combined effects of fuselage interlsrence and diroect propeller
forces; thorefore they were not analyzed. This smbiguity, however,
is not present in the measurement of the lateral force, since a
propeller in pitch is known to experience no appreciable lateral force.
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CONCLUDING REMARKS

Slipstreanm rotation about & fuselags without wing or tail
leads to a fuselage lateral force end yawing moment for pitch or a
fuzelage normal force and pitching moment for yaw. The forces ars
proportional to slipstream rotetion, measured by the ratio of
propeller torque to the sguare of the diameter, and to angle of
inclination.

These forces are predicted by an approxinate theory that
represents the effect of slipstresm rotation by the flow about an
agquivalent vortex bound in the fuselage and alined with the longl-
tudinal axis. Vind-tunnel measurements in pitch for § four-blade
propellere of several diemeters and blade esugles yleldsd values
of fuselage lateral force of the order of magnitude predicted by
tha theory.

The theoretical revresentation may be extendsd to the case of
a fuselage with a wing by reducing the vortex strength behind the
center of pressurs of the wing to allow for the slipstream rotation
removed by the wing ard by taking into account the downwash from
the wing. A left yawing moment caused by pitch is indicatsd for the
fuselage with wing in contradistinction to the right yawing moment
found for the fuselage without wing.

Langley Memorial Aeronautlical Iaboratory
National Advisory Committee for Aeronasutics
Langley Field, Va., November 15, 1946
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TABLE I
SI1TE -FORCE FACTORS FOR THE SIX PROPELIERS AND DOWNWASH

ASSOCIATED WITH THE NORMAL FORCE

BM D S.F.F. 1 _de
(deg) (in.) da
[ 26 101.4% 0.918
39.4 < 19 159.0 872
| 12 234.0 811
[ 26 99.0 .9k9
18.9 L 1g 162.0 917
12 25L4.0 .870

NATTONAL ATVISORY

COMMITTEE FOR AERONAUTICS
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TABLE IT

SLOFE THROUGH ZERO ANGIE OF ATTACK OF THE CURVES OF
LATERAL -FORCE PARAMETFR PLOTIED IN FIGURE 8

./ ¢ 1p?
N L
da‘.\ . 2/3
¥ "V‘
P D 9 e 0
(deg) (in.)
Experimental Theoretical_
30.4 26 0.13 -0.44 -0.51
¥ .25 -l 1
19 © .13 -.57 - =48
| -17 --55
.25 -.43
W .38 -.37 N
12 .06 -.59 - 45
.13 -42
.25 -.40
. vV -38 -39 \
18.9 26 .13 ~.35 ~.53
\L .25 -.33
.38 -.29 N )
19 .13 -.4o -.51
I 25 -.35 !
" .38 -.31 .
1.2 ~O6 "-)4'2 "-1{-8
! _. .10 -7 I
’ .12 ~.h2
13 - k2 l
.21 -.140
\L, .25 -1
] .38 -.39 L
Average -.416 -.hg L
Average Scatter t.052 -

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS

.
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fuselage interference.  (For simplicily only Vhe Jongi-
Fodingl components of fhe vortices in the slipstream
boundary are :/m.wn)
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(a) Three-quarter front view.

Figure 2.- Propelier~fuselage-interference model with 26-inch-
diameter propeller,
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Figure 4.-

Six propellers used for propeller-fuselage-interference
tests.
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